We report the results of the screening of 20 mapped RAPD loci over haploid megagametophytes from 48 individual trees of an Italian population of Norway spruce. LOD scores for 190 pairs of loci were calculated over families of megagametophytes from 'informative' trees, and linkage relationships between pairs of markers were analysed. Single-locus genotypes were inferred from haploid progeny-array data and were used to estimate linkage disequilibrium between loci. Significant deviations from equilibrium did not appear to be randomly distributed over loci. Most of the markers analysed showed an excess of heterozygotes and five out of 20 RAPD markers showed significant deviations from Hardy-Weinberg equilibrium. A weak spatial structure was detected by spatial autocorrelation at the scale considered (0-180 m), suggesting a lack of 'family structure' arising from isolation by distance. Nonrandom distribution of the genetic variability was limited to some loci. Di-and tn-locus spatial autocorrelation of loci showing linkage disequilibrium was also carried out.
Introduction
Microevolutionary processes driving the amount and the organization of genetic variability and genetic structure within populations of forest trees have been extensively investigated in the last two decades thanks to allozymic markers (for a review see Müller-Starck et at., 1992). The genetic information obtained by the limited number of suitable allozymic loci has been considered inadequate for several purposes (Leigh Brown, 1989; Wagner, 1992) , given the restricted, nonrandom genome sampling (Bergmann, 1991) and the low sensitivity to mutation at the DNA level (Kreitmann, 1983) . Moreover, linkage relationships between allozymic markers are not always well-known for several tree species, leading to (eventually) biased estimation of the genetic parameters of the population.
The RAPD technique has been indicated as one of the most powerful methods for obtaining a large number of genetic markers in a wide range of species (Williams et at., 1990; Hadrys et at., 1992) . The genetic origin of the RAPD bands is usually verified in the progeny from controlled crosses (Reiter et at., 1992) . In conifers, the Mendelian inheritance of the RAPD bands may be verified by analysing a suitable number of (haploid) megagametophytes from a single tree *Correspondence disequilibrium, Norway spruce, RAPDs, spatial (Neale & Sederoff, 1991; Tulsieram et at., 1992; Nelson et at., 1993) . The high number of random primers of arbitrary sequence available may allow an extensive, random sampling of the genome (Paran et at., 1991) , while the outstanding degree of variability detected at the DNA level may increase the amount of genetic information.
On the other hand, RAPDs have been reported to be sensitive to amplification conditions (Ellsworth et at., 1993) and to different genomic backgrounds, showing nonparental bands (Ayliffe et at., 1994) and! or ambiguous linkage relationships (W. L. Nance, personal communication). The availability of genetic linkage maps from different individuals of the same species would allow the comparison of the chromosomal localization of the markers (genomic synteny).
Confirmation of the reliability and usefulness of
RAPDs in investigations of wild populations needs to be addressed for their proper utilization as conventional genetic markers.
Once confirmed, the availability of a large number of markers obtained by RAPDs could usefully be exploited in the study of the organization of genetic variability of forest tree populations. Improved estimates of genetic correlation between individuals could greatly enhance the detection of genetic structure within populations (Wagner, 1992) . Detailed genetic profiles obtained by monitoring large genomic regions may allow multilocus genotypes to be better tracked along different environmental gradients Hamrick & Allard, 1972; Mitton et a!., 1980) . Association between spatial patterns of genetic variation and spatial patterns of environmental heterogeneity (Epperson, 1990) , as revealed by spatial autocorrelation techniques (Cliff & Ord, 1973; Sokal & Oden, 1978) , could lead to the identification of interacting sets of loci or peculiar allelic configurations involved in the underlying microevolutionary processes. On the other hand, lowered recombination rates between markers because of tight linkage could eventually result, in particular circumstances, in a multilocus spatial association of genotypes (Slatkin & Arter, 1991) arising from a 'hitch-hiking effect' (Hastings, 1990) .
In this study, we report results of the screening of previously mapped RAPD loci (Binelli & Bucci, 1994) over haploid megagametophytes from 48 individual trees of Picea abies Karst. Such progeny-array data were used to investigate the linkage relationships of the markers over the whole population by the LOD score method (Morton, 1955) . Single-locus genotypes inferred from haploid data were then analysed by means of spatial autocorrelation techniques, in order to investigate the spatial genetic structure within a natural population of Norway spruce.
Materials and methods

DNA extraction and ampilfication
Forty-eight adult-stage individuals of Norway spruce (Picea abies) from the Campolino stand (Northern Apennines, Italy) were sampled at random. Cones were harvested and left some days at room temperature until the scales were open. Seeds were then collected separately and stored at 4°C. Six megagametophytes per tree were isolated from germinated seeds using scalpel and forceps under a low-magnification stereomicroscope, and stored in a microcentrifuge tube at -80°C until DNA extraction, performed following the CTAB method (Wagner et a!., 1987) , adjusted in volume for small tissue samples.
DNA concentration for all samples was determined by fluorometric assays (Cesarone eta!., 1979) .
DNA amplification was carried out using Thermowell C 96-wells polycarbonate V-bottom shaped microtitre plates (Costar) in a MJ Research PTC-1 00/ 96 thermal cycler. Amplification conditions and temperature profiles were chosen according to conditions previously reported (Binelli & Bucci, 1994) .
Primers (1 0-mer) of arbitrary sequence were used. The amplified products were separated by 2 per cent
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Choice of the markers Four 1 0-mer primers producing 20 RAPD markers in the linkage map previously reported (Binelli & Bucci, 1994) were used. Of these 20 markers, pairs 25/26, 27/ 28 and 24/178 have been found to be linked by the above authors (rf=°0.031, 0.016 and 0.189, respectively), the others being evenly spaced within and between linkage groups. The marker bands chosen for the screening of the genetic variability over the whole population are shown in Table 1 .
The overall number of amplification reactions performed in this study was 1152 (6 megagametophytes per tree X 48 trees X 4 primers used). Reproducibility of the previously mapped markers was verified for every amplification round by including DNA of 6 megagametophytes from the tree used to build a RAPD linkage map (Binelli & Bucci, 1994) and comparing the amplification patterns by molecular weight. Single-locus genotypes of the sampled trees were inferred from haploid progeny-array data.
Segregation analysis and estimation of the population parameters For a heterozygous tree, the number x of megagametophytes showing a given marker band follows a binomial distribution:
x!(nwhere p is the likelihood of the alternative events (0.5, assuming no segregation distortion) and n is the total number of megagametophytes within the family. For a given locus, a tree was considered heterozygous when 1 x 5 out of 6 megagametophytes. The binomial could be fitted only for heterozygotes and classes x =0 and x =6 were then excluded from the test. Goodnessof-fit was verified for each locus by pooling data from all the heterozygous trees. Given the small number of observations for some of the loci analysed we used the Kolmogorov-Smirnov test (a = 0.05). The fit to the binomial distribution was also tested by pooling data over all the heterozygous trees and over loci and using a chi-square test (a = 0.05).
The unbiased gene diversity over the whole population was estimated following Nei (1987): Hexp221 (1-p). (Binelli & Bucci, 1994 ; see also Bucci eta!., 1995) . A maximum likelihood estimate of inbreeding within the population was calculated following Nei (1987):
where n11, n00 and n10 are the number of homozygous trees for the allele '1', the number of the homozygous trees for the allele '0' and the number of heterozygous trees, respectively. The average inbreeding coefficient over all loci and individuals was estimated as the weighted average of the single-locus F1 estimates (Nei, 1987) .
Linkage analysis over the whole population
Linkage analysis between RAPD markers over the whole population was restricted to pairs of informative genotypes, i.e. mother trees shown to be doubly heterozygous for a given pair of loci (Mather, 1951) .
Analysis was also restricted to heterozygous trees
showing at least 5 dilocus unambiguous, haploid scores (n 5).
Estimation of the linkage between markers over the whole population was carried out considering each family of megagametophytes as the offspring of a phase-unknown double backcross mating between a double heterozygote mother ('10/10' or '10/01', being the markers in coupling-or in repulsion-phase, respectively) and a fictitious double homozygous father for the recessive alleles ('00/00'). The observed LOD scores for each pair of RAPD loci were then estimated at the selected recombination fraction by means of the following formula (Ott, 1991) :
where 0. is a fixed recombination value (0, = 0.00 1, 0. 01, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45) between the ith pair of loci, m is the number of offspring (megagametophytes) per family and k is the number of crossovers observed. LOD scores for each pair of loci at the corresponding 0. were then added over families of megagametophytes. Linkage between pairs of markers was considered significant when Z(01) 3.0 (a 10 = 0.001). Homogeneity of the recombination fraction between families of megagametophytes was verified by the M-test (Morton, 1955) . Independence of loci was also verified by calculating the following statistic (Gerber & Rodoiphe, 1994 ):
where m is the number of informative trees for both loci. Under the null hypothesis of independence of loci (0=0.5), the S statistic has a chi-square distribution with m degrees of freedom (Gerber & Rodolphe, 1994) .
Linkage disequilibrium Analysis of the dilocus disequilibrium between RAPD markers was carried out using single-locus genotype data from all the trees (homo-and heterozygous) showing at least five unambiguous haploid scores (n 5). Deviation of the frequencies of the diocus gametic genotypes from the product of the single allele frequencies was estimated using the method of Cockerham & Weir (1977): D=41+2l2+213+?14 2P1P2, 2n where n1, n2, n3, and n4 are the number of diploid genotypes showing the diocus genotype '11/11', '11/ 10', '10/11', '10/10', respectively, n is the total number of individuals analysed and P1, P2 are the frequencies of the allele '1' at the two loci considered. Variances of the estimates were calculated using the following formula (Cockerham & Weir, 1977) :
Differences from equilibrium were verified by the chisquare test (Weir, 1990) for each pair of loci. The power of the test (i.e. the likelihood j3 of obtaining again a significant value of D on drawing another random sample from the population studied) was calculated following Weir (1990) .
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Spatial distribution of the genetic variability detected
The analysis of the spatial distribution of the genetic variability was carried out by spatial autocorrelation (Sokal & Oden, 1978 Of 349 heterozygous single-locus genotypes detected, 225 (64.5 per cent) were identified by six unambiguous scores and 124 were based on five scores out of six megagametophytes. The distribution of the 225 unambiguous segregation ratios within families ( Fig. 1) showed no significant difference from the expected binomial distribution ( = 3.748; P> 0.05).
For each marker, segregation ratios within families fit the expected binomial distribution for Mendelian traits (Kolmogorov-Smirnov Dmax, P> 0.05 -data not shown).
Five out of the 20 RAPD markers showed significant deviations from Hardy-Weinberg equilibrium (d.f.= 1; P<0.05- Table 1 ), owing to an excess of heterozygotes (Fig. 2) . These RAPD markers were not used in further analysis.
Expected genetic diversity ranged from 0.119 to 0.508 with a mean of 0.334±0.034. For all but three cases (23, 27 and 49) single-locus inbreeding estimates (F1) were slightly negative, while the average F1 over the whole population was -0.136, indicating an excess of heterozygotes (Table 1) . in the genetic map previously reported (Binelli & Bucci, 1994) . On the other hand, in this study markers Because of the low number of megagametophytes per family -that does not allow the coupling-vs. repulsion-double heterozygotes to be unmistakably distinguished -we estimated gametic disequilibrium between loci from genotypic frequencies inferred from progeny-array data. The results obtained from the dilocus genotype analysis are shown in Table 2 .
Deviation of the observed gametic frequencies from the product of the single allele frequencies turned out to be significant for five (2.63 per cent) out of 190 possible pairs of loci, a proportion smaller than expected by chance alone. Nevertheless, significant deviations from equilibrium do not appear to be randomly distributed over loci, mainly involving the loci 27, 28 and 178 (Table 2) a 'o'
• '00'
Above the diagonal: maximum LOD scores between pairs of loci estimated by summing single estimates over 'informative' families of megagametophytes, i.e. from doubly heterozygous mother trees (in parentheses, recombination fraction 0, at which the maximum LOD scores were estimated A nonrandom spatial distribution was observed for some single-locus genotype pairs. Figure 3 shows the The Genetical Society of Great Britain, Heredity, 75, [188] [189] [190] [191] [192] [193] [194] [195] [196] [197] spatial patterns detected, grouped by genotypic pair type. Markers 27 and 49 showed an excess of homozygotes for short distances, while marker 29 showed a deficiency of the heterotypic pair '11_OO' for the first distance class (Fig. 3a) . On the other hand, RAPD markers 23, 24, 28 and 46 showed an excess of heterozygotes on the short distances ( Figs '3b and 3c) .
Di-and trilocus spatial autocorrelation analysis was carried out only on loci showing linkage disequilibrium (see above). Significant values of s.n.d. were observed (Fig. 3d) 1O/Oo_1O/10/oO'). None of the other di-or trilocus allelic combinations at these or other loci showing significant disequilibrium (23/24 and 27/112) showed significant correlograms.
Discussion
Segregation analysis and linkage relationships over the whole population Segregation analysis over the whole population confirms previously reported evidence on the genetic origin of the RAPD marker bands in Picea abies (Bucci & Menozzi, 1993; Bucci et a!., 1995) . The good fit of the observed segregation ratios within families to the expected binomial distribution is consistent with a simple, dominant, Mendelian fashion of inheritance of RAPD markers. Our data are a further contribution to the study of the reliability and stability of RAPD markers in different genomic backgrounds (Heun & Helentjaris, 1993; Isabel et al., 1993; Levitan & Grosberg, 1993) . In this study we analysed recombination fractions from family (megagametophyte) data and estimated
The Genetical Society of Great Britain, Heredity, 75, 18 8-197. Very few cases of linkage disequilibrium between loci in forest tree species have been described in the literature. Epperson & Allard (1987) analysed 14 allozymic loci in Pinus contorta, detecting a large disequilibrium between some tightly linked loci (PER-1/PER-2, rf< 0.002; GOT-i/PER-i and GOT-i /PER-2, rf = 0.007) and no disequilibrium for other linked loci (PGI-2/PER-1, rf= 0.013; PGI-2/PER-2, rf =0.013;
GOT-1/PGI-2, i-f = 0.020). The authors stated also that linkage alone did not completely account for the large disequilibrium detected. Mitton and collegues (1980) analysed seven allozymic loci in three populations along an elevational gradient, detecting an excess for five (16.7 per cent) out of 30 possible genotypes for pairs of loci for which the linkage relationship was unknown. Almost all of the significant values involved loci PER or PGM, for which they found some evidence of natural selection. Finally, Yang & Yeh (1993) found an extensive gametic disequilibrium in 40 out of 60 populations of three subspecies of Pinus contorta, thought to result from a multilocus Wahlund effect after fire establishment.
In this study, the proportion of significant D values estimated from genotypic frequencies (2.63 per cent) is lower than what is expected by chance alone. The large disequilibrium detected over the population between loci 27/28 seems to result from tight linkage, as expected from theoretical considerations (Hill & Robertson, 1968; Hedrick, 1994 Norway spruce population. Giannini and colleagues (1991) Most of the relatively few papers on spatial autocorrelation in natural populations of forest trees report only a weak spatial genetic structure (e.g., Epperson & Allard, 1989; Knowles, 1991; Perry & Knowles, 1991; Merzeau eta!., 1994, etc.) . On the other hand, Knowles & Perry (1992) , monitoring only three allozymic loci, observed remarkable differences in the genetic structure between two 20-year-old populations of Larix laricina with different establishment histories (growing in a clear-cut area within the forest and in a colonized abandoned hay field). Wagner et a!. (1991) reported a strong autocorrelation between some chioroplastic variants through the hybrid zone of Pinus contorta and Pinus banksiana.
In this study a weak spatial structure at the scale considered (0-180 m) was detected. The number of positive, significant s.n.d. values for homotypic pairs over all loci for short distances was only slightly greater than expected by chance (5 per cent) and genetic similarity did not significantly decrease with distance. This seems to suggest a lack of 'family structure' arising from isolation by distance (a cluster of individuals correlated over most loci -Wright, 1943) , as expected for a species characterized by large outcrossing rates (t -0.90; Muller, 1977) .
On the other hand, we found an excess over short distances of single-locus homozygotes (markers 27 and 49) as well as single-locus heterozygotes (markers 23, 24 and 46). This suggests the existence within the population of clusters of individuals with some degree of correlation (the mean dimension of these patches was -40-50 metres, except for marker 49-80 meters).
Multilocus spatial autocorrelation carried out on loci 27, 28 and 178 detected an interesting (although nonsignificant) aggregation of similar multilocus genotypes. Lowered recombination over the whole population between these markers, because of tight linkage and/or strong gametic disequilibrium (see above), could reasonably account for the dilocus structure detected. On the other hand, linkage cannot account for the diocus structure involving markers 27 and 178, as well as for the gametic disequilibrium between them.
Further analyses are needed to throw light on the causes of the described genetic structure.
Small-scale spatial genetic structure within populations of forest trees has been claimed to affect the level of inbreeding and the action of natural selection (Epperson, 1990) . Spatial aggregation of particular allelic configurations can be considered the first step towards the identification of interacting sets of loci involved in the microevolutionary processes (Allard, 1975) . Furthermore, analysis of the covariation along major environmental gradients of the frequencies of multiocus genotypes and environmental parameters could be a useful approach to the study of selective forces involved in microevolutionary processes.
